We report the 3.4 angstrom crystal structure of a catalytically active group I intron splicing intermediate containing the complete intron, both exons, the scissile phosphate, and all of the functional groups implicated in catalytic metal ion coordination, including the 2 ¶-OH of the terminal guanosine. This structure suggests that, like protein phosphoryltransferases, an RNA phosphoryltransferase can use a two-metal-ion mechanism. Two Mg 2þ ions are positioned 3.9 angstroms apart and are directly coordinated by all six of the biochemically predicted ligands. The evolutionary convergence of RNA and protein active sites on the same inorganic architecture highlights the intrinsic chemical capacity of the two-metal-ion catalytic mechanism for phosphoryl transfer.
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Divalent metal ions are used in the active sites of a variety of protein phosphoryltransfer enzymes, including those required for replication, transcription, and cell signaling (1) (2) (3) . Structural and biochemical studies of these proteins have shown that many, including all polymerases, use a two-metal-ion mechanism to promote catalysis (4, 5) . In these enzymes, a pair of divalent metals, located 3.8 to 5.0 ) apart, are used to position substrates, activate the nucleophile, and stabilize the charge on both the leaving group and the scissile phosphate (6-8).
Many RNA-based phosphoryltransferases also require direct coordination to active-site Mg 2þ ions, including self-splicing introns, ribonuclease P, and the spliceosome when it catalyzes pre-mRNA splicing (9) . Both chemical steps of group I intron splicing require divalent metals, and several of the ligands for these metals have been biochemically identified (Fig. 1B) (10) (11) (12) (13) (14) (15) . What has remained unclear are the structural details of metal-ion coordination in the RNA active site. Recent crystal structures have provided information on the fold of the group I intron and the structural basis for splice site selection (16) (17) (18) (19) ; however, each of these structures included only one active-site Mg 2þ , and all were inactive (Fig.  1B and fig. S1 ) (20) . An independent model derived from biochemical analysis invokes three active-site metals and a coordination geometry for these metals different from that observed in protein enzymes (Fig. 1C) (21, 22) .
We have determined the crystal structure of an intron splicing intermediate that includes all metal-ion ligands and thereby retains the ability to catalyze exon ligation at a slow rate. We formed this crystallization construct by annealing a transcript comprising the majority of the Azoarcus sp. pre-tRNA Ile group I intron with two oligonucleotides, capturing the intron just before the second step of splicing (pre-2S) (Fig. 1A) (23) . One 22-residue oligonucleotide, rcirc, represents the 3 ¶-end of the intron and the 3 ¶-exon. The second, a trimer (CAT), mimics the 5 ¶-exon. The critical difference between this construct and the previously reported Azoarcus group I intron structure is the inclusion of the ribose at the terminal guanosine (wG) position. The wG O2 ¶ has been biochemically identified as an essential ligand for a catalytic metal ion that increases the rate of splicing at least a millionfold (24, 25) . In order to slow the reaction sufficiently for crystallization, the complex contains a single 2 ¶-deoxy substitution at the last nucleotide of the 5 ¶-exon, U-1. This functional group contributes È1000-fold to chemistry through a hydrogen bonding network that appears to be independent of metal-ion coordination (19, 26, 27) . Crystals of the ribo-wG intron in complex with the RNA binding protein U1A were obtained under conditions similar to those reported for the deoxy-wG complex (19, 23) .
The crystallized RNA was able to promote exon splicing when the ribo-wG pre-2S crystals were soaked with a radiolabeled 5 ¶-exon substrate containing either a ribose (CAU) or a 2 ¶-deoxyribose (CAT) at U-1 ( Fig. 2A) (28) . For this reaction to occur, the labeled substrate must have displaced the CAT cocrystallized in the intron complex. For crystals soaked with CAU or CAT, the extent of reaction after 50 hours was similar to that observed in solution under conditions designed to mimic those within the crystal (È15% and È3% reacted, respectively) ( Fig. 2, A and B). Incomplete reaction is likely to reflect the stoichiometry of the reactants and the equilibrium between the forward and reverse splicing reactions (19, 29) . No spliced exon product resulted from the combination of oligonucleotides used in the previous structure determination ( Fig. 2A , lane 4). The crystals did not change in appearance upon addition of CAU, but diffraction was substantially reduced, likely resulting from an increase in heterogeneity of the RNA. These data demonstrate that the ribo-wG pre-2S complex is in a catalytically accessible conformation within the crystals.
We determined the 3.4 ) structure of the ribo-wG pre-2S group I intron complex using the experimental phases from the deoxy-wG structure followed by refinement (supporting text) (23) . Because the RNA in the ribo-wG structure is primarily in the unspliced form because of the inclusion of a deoxy at U-1, the model is exclusively of the pre-second step reaction state. Although the overall architecture of the ribo-wG pre-2S complex was essentially unchanged, the identity and position of metal ions in the active site were substantially different from those observed in the deoxy-wG pre-2S structure (16) .
An F O -F C difference map calculated before metal modeling revealed two large peaks (5s) of native electron density in the active site (Fig. 3A) . These peaks were assigned as Mg 2þ ions based on the anomalous density observed for binding of a Mg 2þ mimic at each site. Yb 3þ bound at site M 1 , and Mn 2þ bound at site M 2 E(30) and supporting text^. The bond distances (all È2.1 )) and octahedral coordination geometry also indicate Mg 2þ binding at both sites (Fig. 3B) . The two metals have inner sphere coordination to nine oxygens, including all six of the biochemically predicted ligands (Figs. 1B and 3 , B and C). In both cases, five of the metals_ six possible coordination positions were satisfied by direct contacts to RNA functional groups. In each case, an additional phosphate oxygen (U173 pro-S P oxygen for M 1 and A87 pro-S P oxygen for M 2 ) appeared to make an outer sphere contact, fully satisfying the metals_ octahedral coordination geometry. Density for the bridging waters was not visible at this resolution.
The two metals are well positioned to promote catalysis of the exon ligation reaction (Fig. 3B) . M 1 shows direct coordination to the nucleophile (O3 ¶ of U-1) and the scissile phosphate pro-R P oxygen; it is equivalent to the metal observed in the deoxy-wG pre-2S complex (16) . Substantial changes in the identity and location of the second metal ion were observed upon inclusion of the wG 2 ¶-OH. A K þ was bound near site M 2 in the deoxy-wG structure, but it was too far away to make direct contact with the scissile phosphate (16) . In the native ribo-wG complex, the Mg 2þ at M 2 was 2.5 ) closer to the scissile phosphate and the wG O3 ¶ leaving group. This Mg 2þ ion makes inner sphere contacts to the scissile phosphate_s nonbridging pro-R P oxygen and both the O2 ¶ and the O3 ¶ leaving group of the wG (Fig. 3B ). This change in metal positioning and identity is coupled with movements of nucleotides A127 and G128 within the active site. These changes resulted in a decreased metal-to-metal distance from 5.4 ) in the deoxy-wG structure to 3.9 ) in the ribo-wG structure. The observed changes in metal-ion identity and coordination likely account for the more than a millionfold loss of activity observed upon 2 ¶-deoxy wG substitution during either step of splicing (24, 25) .
The coordination of M 1 and M 2 in this structure satisfies all the biochemically predicted catalytic metal-ion ligands, including four provided by the substrates and two within the intron active site (10) (11) (12) (13) (14) (15) (Figs. 1B and  3B ). In the three cases for which data are available, the biochemically predicted coordination of one metal by two ligands was also observed in the structure (13) (14) (15) . Furthermore, the orientation of the O3 ¶-nucleophile and scissile phosphate are ideal for inline nu- 2 . Activity of the group I intron crystals. (A) Pre-2S crystals were soaked with an excess of 32 Pradiolabeled 5 ¶-exon substrate with ribose or 2 ¶-deoxy at U-1 (CAU or CAT, respectively). The crystals were assayed for exon ligation as described (28) . The pair of oligonucleotides used in the original crystallization and the identity of the soaked, radiolabeled, 5 ¶-exon substrate are indicated above the autoradiogram. (B) Reactivity of the complex in solution (28) . In both panels, the fraction reacted is shown below each lane.
cleophilic attack (the O3 ¶-P distance is 3.2 ), and the O3 ¶-P-O3 ¶ angle is 175-).
There is no evidence within this structure for a third active-site metal ion. A threemetal-ion mechanism was proposed on the basis of a difference in Mn 2þ concentration needed to rescue different sulfur or amino substitutions of substrate functional groups. These experiments were performed on a Bground state complex[ in which neither of the exons nor the critical guanosine were bound (Fig. 1C ) (21, 22) . In this model, two different metals, M B and M C , are proposed to coordinate the O3 ¶ and O2 ¶ ligands of the wG, respectively, resulting in different roles for the catalytic metals from those predicted by the ribo-wG structure. Most notably, none of the metals bridge between the scissile phosphate and the leaving group in the three-metal model. Although we cannot exclude the possibility that a third metal ion is disordered in the crystal structure, the majority of the biochemical data are explained by the two metals that are observed. If a third metal is modeled near the O3 ¶ of wG opposite M 2 , the position that is predicted in the three-metal model, the closest phosphates (wG206 and Cþ2) are more than 3.5 ) away, too large a distance to make direct metal-ion coordination. Additionally, these two phosphates have never been implicated in metalion coordination, and it has long been established that the absence of these phosphates does not alter the activity of the reaction (31).
The two-metal architecture observed in this ground state structure and the bulk of the biochemical data on catalytic metal ions in group I intron splicing support a two-metalion mechanism for transition state stabilization, similar to that originally proposed by Steitz and Steitz based on analogy to exonuclease and phosphatase mechanisms (Fig. 3C ) (7) . M 1 (biochemically titled M A ) (10) activates the nucleophile, whereas M 2 (which has the dual characteristics of the biochemically titled metals M B and M C ) (11, 12) stabilizes the leaving group. Both metals bridge to the scissile phosphate, where they counterbalance the development of negative charge. In this mechanism, the active-site metal ions are symmetrical, which is consistent with a forward and reverse equilibrium for group I intron phosphoryl transfer of approximately one under standard reaction conditions (29) . The reversible nature of the group I reaction suggests that the intron completes both steps of splicing in a similar active site. In the first step of splicing, the roles of the U-1 O3 ¶ and G O3 ¶ are reversed from what is observed here, in that U-1 O3 ¶ is the leaving group and the exogenous G O3 ¶ is the nucleophile. The roles of nucleophilic and leaving group activation for the two metals are also likely to be reversed between the two splicing reactions.
The location, coordination, and function of the active-site metals observed in this RNA active site are equivalent to a generalized twometal-ion mechanism of catalysis employed by a wide variety of protein enzymes for the promotion of phosphoryltransfer reactions (8) . The M 1 to M 2 distance is 3.9 ), a hallmark of the two-metal mechanism. M 1 and M 2 share a scissile phosphate ligand and coordinate the two conjugated phosphate oxygens of A172 (Fig. 3 , B and C) (13) . Shared ligands are seen in two-metal-ion protein enzymes where both catalytic metals coordinate the scissile phosphate and bidentate carboxylates of conserved aspartate or glutamate residues (8, 32) . Because conjugated and shared ligands of two metals are bound less tightly than other ligands, this coordination geometry is expected to increase the Lewis acidity of the metal toward the nucleophile or leaving group and promote the reaction (32) . The conservation of this feature between RNA and protein enzymes highlights its importance. Further, two-metal-ion mechanisms sometimes use a metal-bound water to protonate the leaving group of the reaction (6). M 2 has a single apical position available for a water ligand that may protonate the wG O3 ¶ leaving group.
There is marked similarity between this RNA active site and the active sites of RNA and DNA polymerases (Fig. 3, B and D) (5) . The 5 ¶-exon is analogous to the primer strand, the 3 ¶-exon to the incoming nucleotide, and the wG to the pyrophosphate leaving group (33) . Both active sites contain two metal ions and coordinate those metals in a similar man- Fig. 3 . A two-metal mechanism for group I intron splicing. (A) F O -F C omit map (active-site metals were not included in the model) used to assign M 1 and M 2 positions, superimposed on the refined structure. The native density (5s) for each metal is depicted in blue. The other residues are as labeled. In (A), (B), and (D), the scissile bond, nucleophile, and leaving group are shown in yellow. (B) Active-site coordination to M 1 and M 2 . In this and (D), the active-site Mg 2þ ions are shown as large orange spheres, the predicted inner and outer sphere ligands are shown as small orange spheres, and the metal-tometal distance is labeled. Orange lines indicate inner sphere coordinations. Labels for the individual nucleotides are as in Fig. 2A . All the coordinations depicted in The incoming deoxy-nucleotide triphosphate (dNTP), the primer oligonucleotide, and active-site aspartates are labeled. The nucleophile was not present in the crystal structure but is modeled here for comparison.
ner. The simultaneous coordination of the scissile phosphate pro-R P oxygen, wG O2 ¶, and wG O3 ¶ by M 2 is analogous to coordination of a single metal to the alpha, beta, and gamma phosphates of the incoming nucleotide in polymerases (1) . RNA enzymes and protein enzymes are not evolutionarily related, so the equivalence of group I intron and polymerase active sites must be an example of convergent evolution. That macromolecular evolution arrived independently at the same solution in RNA and proteins implies an intrinsic chemical capacity of the two-metal-ion catalytic architecture for phosphoryl transfer. It is possible that this mechanism was used by the prebiotic RNA-based RNA polymerase and that it continues to be employed by other RNA splicing systems, including the spliceosome.
